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ABSTRACT 


Four  different  multimode  optical  fibers  were  tested  to  obtain  the  following  correlations: 
1)  signal  power  with  bend  radius,  2)  strain  with  bend  radius,  and  3)  signal  power  with 
strain.  The  data  are  presented  numerically,  graphically,  and  mathematically.  Graded 
index  multimode  and  step  index  multimode  fiwrs  are  discussed.  The  mechanism  for  the 
aitenuation  of  light  in  optical  fiber  as  a  result  of  macrobending  is  examined.  Three  of 
the  tested  fibers  demonstrated  a  consistent  relationship  between  Qexural  strain  and  light 
transmissivity  and  could  potentially  be  inlaid  within  a  curved  composite  material  system 
for  use  as  the  principal  component  in  a  stress  or  strain  transducer.  ^ 
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INTRODUCTION 


In  the  middle  of  the  eighteen  hundreds,  an  Irish  physicist  named  John  Tyndall  conducted  an  experiment 
in  which  he  placed  a  mirror  at  an  angle  in  a  bucket  of  water  such  that  the  mirror  reflected  sunlight  into  a 
stream  of  water  which  flowed  through  an  orifice  near  the  bottom  of  the  bucket  After  the  light  entered  the 
stream,  it  followed  the  curvilinear  path  of  the  water  demonstrating  that  light  can  be  guided  by  means  of  suc¬ 
cessive  reflections  within  a  medium  of  high  refractive  index  (water)  which  is  surrounded  by  a  medium  with  a 
lower  refractive  index  (air).  The  same  principle  of  total  internal  reflection  is  the  foundation  of  all  optical 
Sbers.^ 

Optical  flbers  can  be  employed  in  mai^  highly  diversified  applications.  Optical  fiber  technology  has 
been  used  extensively  in  telecommunications,  the  medical  Geld,  and  for  weapon  system  guidance  and  con¬ 
trol  Generally,  manufacturers  of  optical  Gber  strive  to  minimize  the  light  loss  characteristics  of  their 
product  for  most  environmental  conditions.  However,  loss  of  light  from  an  optical  Gber  which  is  subjected 
to  speciGc  types  of  stress  can  be  useful  if  the  Gber  is  used  as  the  sensory  element  in  a  transducer. 

This  work  demonstrates  that  the  flexural  strain  of  a  deflected  optical  Gber  can  be  inferred  from  measur¬ 
ing  variations  in  light  intensity  passing  through  the  fiber,  the  affect  of  uniaxial  elongation  with  uniform  cross- 
sectional  strain  was  not  investigated. 


THEORY 


Two  types  of  optical  fibers  were  examined:  graded  index  multimode  and  step  index  multimode.  Graded 
index  fibers  have  a  core  in  which  the  index  of  refraction  (speed  of  light  in  a  vacuum,  C  =  3(10)^  Km/sec, 
divided  by  the  speed  of  light  at  a  speciGc  point  in  the  core)  decreases  toward  the  circumference  of  the  core. 
The  core  is  enclosed  within  a  homogeneous  cladding.  Hie  light  follows  a  quasi-sinusoidal  path  with  turning 
points  that  depend  on  the  angle  of  incidence  (angle  between  an  incident  ray  and  a  line  which  is  perpen¬ 
dicular  to  the  longitudinal  axis  of  the  Gber)  and  the  index  proGle,  n(x).  The  proGle  of  the  refractive  index  in 
the  core  of  a  gra<M  index  Gber  is  usually  parabolic  and  is  a  function  of  the  radius: 


n(x) 


(n,)2  -  (o:)^ 


(oi) 


where 

n,  s  the  axial  (central)  refractive  index  of  the  core 

n2  »  refractive  index  at  the  outer  edge  of  the  core  (same  as  that  of  homogeneous  cladding) 

X  s  radial  coordinate  of  the  point  for  which  n(x)  is  being  calculated 
j  =  maximal  radius  of  the  core 

g  =  proGle  parameter,  charactenzes  the  distribution  of  the  Gber’s  refractive  index  (when  g  =  2. 
the  Gber  has  a  square  law  profile  (parabolic)].^ 

For  example,  if  nj  =  1.48,  n^  =  1.46,  j  =  25 /tm,  g  =  2,  and  we  want  n(x)  at  x  =  0.5j,  or  at  x  =  12.5  /<m.  then: 


1  LEWIS.  K.  H  Principles  and  AppfkiHintis  of  Fihcr-Ofmc  ComminKution  S\sKins  Lighicch.  Inc.,  Richardson.  Texas.  IWh.  p  Z.2. 

2.  ilOCKO  P  L.  and  oannon  j  R.  Optical  iVavr^ntlc  Materials  Otrning  Olass  Works,  ('orning.  New  York.  August  p  1  and  2 
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Because  the  velocity  of  light  in  the  core,  v  s  C/n,  increases  as  the  path  approaches  the  cladding  and 
decreases  as  it  approaches  the  centerline  of  the  core,  the  speed  of  light  compensates  for  the  various  path 
lengths  so  that  all  modes  (paths)  emerge  from  the  fiber  at  essentially  the  same  time. 


I 

I 


Step  index  fibers  have  a  homogeneous  core  with  a  constant  refractive  index  surrounded  by  a  homoge¬ 
neous  cladding  with  a  lower  refractive  index  The  light  follows  a  zigzag  path  with  angular  turning  points. 


Macrobending  losses  occur  when  the  bend  radius  of  the  fiber  decreases  to  the  point  that  photons*  of 
light  escape  into  the  cladding.  For  a  light  mode  to  maintain  its  integrity  when  traversing  a  bend,  the  outer 
portion  of  the  mode  must  travel  a  greater  distance  and  travel  faster  than  the  inside  portion  of  the  mode.  If 
the  bend  radius  becomes  sharp  enough,  eventually  the  outer  portion  of  the  mode  must  travel  faster  than  C 
to  avoid  loss;  because  this  is  impossible,  some  light  travels  into  the  cladding  which  attenuates  the  amount  of 
transmitted  light.  The  phenomenon  of  total  internal  reflection  of  light  wi^in  the  core  of  a  step  index  fiber 
ceases  when  the  angle  of  incidence,  6^  is  reduced  to  less  than  the  critical  angle,  6,: 


»  Arcsin 


''cladding 


core 


For  a  fixed  bend  radius,  the  probability  of  <  9^ ,  when  light  leaves  the  core  and  enters  the  cladding, 
generally  increases  as  the  wavelength  of  light  increases.^^  Typically,  optical  fiber  operates  using  radiation 
with  a  fixed  wavelength:  800  nm  ^  i  nm;^  this  range  is  within  the  infrared  section,  780  nm  to  100,000 

nm,  of  the  electromagnetic  spectrum.^  Because  the  light  emitting  diode  used  for  this  work  produced  radiant 
energy  at  a  single  wavelength  of  900  nm,  the  affect  of  wavelength  on  the  transmissivity  of  deflected  optical 
fiber  was  not  examined. 


DESCRIPTION  OF  SPECIMENS,  EQUIPMENT,  AND  TEST  RXTURE 

Four  different  types  of  optical  fibeis  were  tested.  The  specimens  were  61  cm  (24  ia)  long  and  were  ter¬ 
minated  with  male  SMA  ferrules  (cyiindrical  electrooptical  connectors).  The  spet^cations  for  each  of  the 
specimens  are  in  Table  1.  The  column  labeled  >  provides  the  actual  ratio  between  the  cross-sectional  area 

of  the  core  and  that  of  the  cladding.  The  column  labeled  lists  what  is  commonly  called  the  "core  to 
cladding  ratio.” 


T*t«  1 .  CrtOSSSGCTCNM.  SPEOnCATIONS  OF  TESTED  OPTICAL  RBER 


OutaM* 

OuMd* 

OlamMar 

tXamatarof 

Otamatarof 

a  , 

• 

Of  Coff, 

inicfOfnvAfs 

Acrylic  Buffar, 

b 

a  -F  b 

Fibar 

(miU) 

(mit*) 

(milt) 

(jradad  lnd*x.  MufUmod* 

so 

129 

218 

0.19 

0  16 

(19T) 

(4  92) 

(8.60) 

Qrad«d  lnd*x,  MuMmod* 

63 

129 

142 

0.34 

029 

(2.48) 

(4.92) 

(9.00) 

Stop  Irtdax,  Mulhmod* 

80 

100 

100 

1.78 

064 

(3.15) 

(3.94) 

Slap  ind«x,  Multimod* 

100 

140 

285 

1.04 

0.51 

(3.94) 

(9.91) 

(112) 

"a'  aquals  m«  ar**  of  ttw  cor*;  '<>'  •quals  ttw  ar**  of  m*  cfaddirig 


'See  Appendix  A. 
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The  following  commercial  equipment  was  used: 


1.  Optical  power  source  (transmitter) 

2.  Light  Emitting  Diode  (LED)  source,  900  nm,  minimum,  with  male  AMP  ferrule 

(conical  electro-optical  connector) 

3.  Sensor  head  adaptor  for  male  SMA  ferrule 

4.  SOicoa  photodiode  sensor  head  (400  to  1,150  nm) 

5.  Light  power  meter  (receiver) 

6.  Ambient  light  power  meter. 

The  ambient  light  nower  meter  measured  illuminance,  the  density  of  luminous  flux  on  a  surface,  in  SI 
units  of  lux  (lumens/m5  uid  in  footcandles  (lumens^t^).  A  splice  was  required  to  connect  the  LED  source 
with  an  AMP  ferrule  to  the  SMA  ferrules  on  the  optical  fiber  specimens;  the  splice  was  unavailable  com¬ 
mercially.  The  SMA- AMP  splice  was  designed  as  shown  in  Figure  1;  it  was  fabricated  from  polymethyl 
methacrylate  (lucite). 

To  enhance  repeatability  of  the  data,  the  test  fixture  shown  in  Figure  2  was  used.  The  fixture,  which 
was  made  from  lexan  (transparent  and  more  resistant  to  impact  damage  than  lucite),  was  designed  such  that 
for  all  radii  the  fixture  will  hold  S0.8  cm  (20  in.)  of  the  specimen;  this  arrangement  leaves  S.  I  cm  (2  in.)  at 
each  end  of  the  specimen  for  attaching  instrumentation. 

EXPERIMENTAL  AND  ANALYTICAL  PROCEDURES 

The  subsequent  test  plan  for  correlating  optical  fiber  transmissivity  with  the  deflection  and  with  the 
maximal  surface  strain  of  the  fiber  was  followed  for  each  type  of  fiber 

1.  Measure  the  intensity  of  the  ambient  light 

2.  Monitor  output  of  power  source  to  ensure  consistency  of  Ug^t  intensity  introduced  into  fiber 

3.  Vfeasure  received  signal  power  versus  fifteen  bend  radii  (including  radius  «  •  for  straight  fiber)  four 
times  for  four  different  optical  fibers  and  average  the  results  for  each  bend  radius 

4.  Plot  sigtul  power  against  bend  radii;  descnbe  the  power  versus  radii  curve  with  two  different  forms 
of  equations  and  graphically  compare  results 

5.  For  each  radii,  calculate  the  maximal  surface  strain  of  the  deflected  optical  fiber 

6.  Plot  maximal  surface  strain  against  bend  radii;  describe  the  curve  mathematically  and  compare  (he 
results  graphically 

7.  Plot  signal  power  versus  maximal  surface  strain;  use  linear  regression  to  obtain  an  equation  which 
represents  the  correlation 

8.  If  the  received  signal  power  is  sensitive  to  ambient  light,  the  affect  can  be  quantified  by  repeating 
steps  1  through  7  with  the  test  fixture  covered  with  opaque  material. 
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RESULTS 


The  results  from  the  tour  types  of  optical  fiber  are  shown  in  Table  Z  Each  value  for  signal  power  is  the 
mean  of  four  measurements  collected  at  room  temperature  and  ambient  humidity. 


TaM  2.  8EN0  RAOUS  WITH  COfWESPONOINQ  MEAN  SIGNAL  POWBT 


Band  Radiua, 
cm  (in.) 

(kadad  Max 
30/125/216* 

Qfadad  Mas 
63/125/142* 

Stap  Mas 
OtVKXVIOO* 

Stap  Mas 
100/140/286* 

m 

6.44 

12.84 

6.06 

2505 

15.24 

(6.00) 

6.45 

1247 

546 

27.60 

12.70 

(5.00) 

643 

12.72 

6.00 

27.12 

10.16 

(4.00) 

6.41 

12.61 

5.84 

28  75 

6.68 

(3.50) 

6.42 

1^38 

382 

26.37 

(^% 

6.42 

12.42 

348 

25.77 

Stn 

6J6 

1240 

546 

23.45 

dS) 

6.33 

12.15 

5.86 

24.75 

3.61 

(1.50) 

6.12 

11.38 

5.66 

23.85 

3.83 

11.18 

5.85 

22.22 

(1'io) 

5.77 

11.03 

543 

21.85 

5.53 

1041 

341 

18.57 

^J7 

(0.30) 

5.10 

1040 

582 

17,72 

(8;§^) 

4.63 

8.57 

3.83 

1547 

3.66 

645 

543 

1270 

■GorWdaddlng/outsM* 


The  intensity  of  ambient  light,  from  natural  and  fluorescent  sources,  reaching  the  test  fixture  was  varied 
from  essentially  0  lux,  covering  the  test  fixture  with  opaque  material,  to  approximately  37  lux.  The  ambient 
light  did  not  have  a  perceptible  affect  on  the  results;  therefore,  the  tests  were  not  repeated  with  a  shield 
blocking  the  fixture  and  specimen  from  external  light 

The  (T  .iximal  change  in  signal  power  for  each  specimen  when  deflected  from  a  straight  line  to  a  bend 
radius  of  0.635  cm  (0.25  in.)  is: 

1.  graded  index.  5(V125:  -179  nW  •  -  4332%  or  -2.47  dB’ 

1  graded  index.  63/125:  -4.69  nW  •  -  36.24%  or  -1.95  dB 

3.  step  index,  80/100:  insignificant  loss 

4.  step  index,  100/140:  -15.35  nW  -  -  54.72%  or  -3.44  dB. 


"See  Appendix  I) 


With  the  exception  of  the  step  index  fiber  (80/100),  all  of  the  tested  fibers  showed  a  significant  reduc¬ 
tion  in  transmissivity  as  the  bend  radius  was  decreased.  Figures  3a,  3b,  3c,  and  3d;  4a,  4b,  4c,  and  4d;  Sa,  5b. 
5c.  and  5d  graphically  display  the  results  with  the  alphabetical  designation  indicating: 

a.  plot  of  experimental  data  for  bend  radius  versus  transmissivity 

b.  power  curve  St  of  the  data,  »  wr*,  using  the  least  squares  logarithmic  method 

1 

c.  curve  St  using  «  k  (s)^ 

d.  composite  graph  with  the  empirical  data  curve  and  the  two  curve  Sts 
where 

P^  *  received  signal  power,  nanowatts 

r  *  bend  radius,  inches 

w,  i,  and  s  ^constants 

k  *  maximal  value  of  ordinate,  value  of  P^^  when  r  « 

The  strain  in  the  plane  of  bending  on  the  surface  of  a  deflected  optical  fiber  is  inversely  proportional  to 
the  bend  radius.  An  expression  for  maximal  flexural  sur&ce  strain  as  a  function  of  the  bend  radius  was 
derived  as  follows: 


1.  The  length  of  a  180^  drcular  arc  «  x  (radius  of  the  arc). 


1  Strain.  £ 


where  AL  is  the  change  in  length;  L  is  the  original  length. 


3.  Assume  that  the  cross-sectional  area  of  the  deflected  fiber  remains  circular;  r  is  the  bend  radius  from 
the  center  of  the  arc  to  the  longitudinal  centerline  of  the  optical  fiber,  is  the  outside  diameter  of  the  fiber 
which  was  measured  with  a  micrometer. 

.  T.  AL  ar(r +0AD,) -;rr 

4.  For  a  18(r  arc,  e  «  -j-  » - - « -jp 

It  should  be  noted  that  this  expression  represents  the  surface  strain  of  a  fiber  on  the  outside  of  the  arc. 
The  surface  strain  of  a  fiber  on  the  inside  of  the  arc  is  equal  in  magnitude,  but  of  opposite  sign: 


-  AL  _  ;r  ( r  -  0.50^ )  -  n  r 


IF  • 


Deflection  of  an  optical  fiber  induces  a  cross-sectional  strain  gradient  with  positive  flexural  strain  out¬ 
side  of  the  neutral  axis  and  negative  flexural  strain  inside  of  the  neutral  axis;  therefore,  the  average  cross- 
sectional  strain  is  zero. 
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Bgum  3.  Transmissivity  varsus  band  radius.  S(V125/218  optical  tibar. 
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Rgurad.  Trantminivity  variut  band  radius,  63/1 2S71 42  optical  fib«f. 
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Rgum  5  (Cont'd).  Traramistivity  v«r«us  band  radius,  100/140/285  optical  fiber. 


The  surface  strain  on  the  outside  arc  for  the  three  fibers  which  displayed  a  significant  loss  of  transmissiv¬ 
ity  with  a  reduction  of  bend  radius  is  shown  in  Table  3. 


Tabl0  3.  FLEXURAL  SURFACE  STRAIN  OF  DB^LECTB)  OPTICAL  RBERS 


Strain 

Band  Radhia, 
cm  (in.) 

Qfadsdlnda]i 

50/125/218* 

Graded  Index 
63/128/142* 

Step  Index 
100/140/285* 

m 

0.00000 

0.00000 

0.00000 

15.24 

(6.00) 

0.00072 

0.00047 

0.00093 

12.70 

(5.00) 

0.00086 

0.00056 

0.00112 

10.16 

(4.00) 

0.00108 

0.00070 

0.00140 

8.89 

(3.50) 

0.00123 

0.00080 

0.00160 

(3;S) 

0.00143 

0.000M 

0.00187 

645 

(2.80) 

0.00172 

aooii2 

0.00224 

m 

0.00215 

0.00140 

0.00280 

3.81 

(1.50) 

0.00287 

0.00187 

0.00373 

0.00344 

0.00224 

0.00448 

254 

(1.00) 

0.00430 

0.00280 

0.00580 

(0^ 

0.00573 

a00373 

0.00747 

<O.S0) 

0.00860 

0.00560 

0.01120 

(0.1^) 

0.01147 

0.00747 

0.01493 

0.635 

(045) 

0.01720 

0.01120 

0.02240 

■Cora/cladding/outikl*  dlamttar,^ 


Figures  6a  and  6b,  7a  and  7b,  and  8a  and  8b  are  graphs  of  the  results  and  graphs  of  the  power  curve  Ills 
of  the  calculated  data  with  the  corresponding  equation  in  the  form  e  =  qr  ',  where  e  »  maximal  flexural  sur¬ 
face  strain,  r  *  bend  radius  in  centimeters,  and  q  and  t  are  the  coefGcient  and  exponent  found  by  a  least 
squares  regression. 
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Rgura  8.  Flaxural  sudaca  strain  of  50/125/218  optical  fibar. 
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Rgurs  8.  Flexural  surface  strain  of  100/140/285  optical  fiber. 
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The  results  in  Tables  2  and  3  are  combined  in  Table  4  which  provides  maximal  flexural  surface  strain 
with  the  corresponding  signal  (received)  power. 


TabI#  4.  CORRELATION  OF  OPTICAL  FIBER  TRANSMISSIVITY  WITH  FLEXURAL  SURFACE  STRAIN 


Qradad  Index 
_ 50/125/218* 

Graded  Index 

_ 63/125/142* _ 

Step  Index 

_ lfiQ/140/2851. 

Rexural 

Strain 

Racaivad  Powar, 
nW 

Flaxu^^rlaoa 

Received  Power, 
nW 

Flexural  Surface 
Strain 

Received  Power. 
nW 

0.00000 

6.44 

aooooo 

12.94 

0.00000 

28.05 

0.00072 

6.45 

0.00047 

12.87 

0.00093 

27.60 

0.00068 

8.43 

0.00058 

1Z72 

0.00112 

27.12 

0.00108 

6.41 

0.00070 

12.81 

0.00140 

26.75 

0.00123 

6.42 

0.00080 

1^59 

0.00160 

26.37 

0.00143 

6.42 

0.00093 

12.42 

0.00187 

25.77 

0.00172 

6.36 

0.00112 

12.30 

0.00224 

25.45 

0.00215 

6.33 

0.00140 

12.15 

0.00280 

24.75 

0.00287 

6.12 

0.00187 

11.59 

0.00373 

23.85 

0.00344 

5.93 

0.00224 

11.19 

0.00448 

22.22 

0.00430 

5.77 

0.00280 

11.03 

0.00560 

21.85 

0.00573 

5.53 

0.00373 

10.91 

0.00747 

19.57 

0.00660 

5.10 

0.00560 

10.59 

0.01120 

17.72 

0.01147 

4.63 

0.00747 

9.57 

0.01493 

15.27 

0.01720 

3.65 

0.01120 

8.25 

0.02240 

12.70 

*Cor«/cl«dding/outskl«  dianwttr,  /tm 


The  data  indicate  an  essentially  inverse  linear  relationship  as  shown  in  Figures  9. 10,  and  11.  These 
figures  are  accompanied  with  a  regressive  linear  equation  in  the  form  =  me  +  B,  where  signal 
power,  £  *  maximal  flexural  surface  strain,  m  «  slope,  and  B  *  intercept  of 

This  linear  relationship  between  P^j^  and  e  can  be  derived  by  combining  two  equations,  P^^^  =  wr'  and 
£  =  qr'‘,  as  follows: 

1.  Solving  the  second  equation  for  r  produces: 


1 


2.  Substituting  into  P,j-  =  wr'  results  in: 


w 

4.  Let  —  =  m  and  let  B  =  a  constant  representing  the  intercept  at  the  maximal  value  of  P^jg 

5.  Therefore,  P,|g  =  m£  +  B,  the  equation  of  a  straight  line. 
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Rgura  11.  Trantmiuivity  v«nu«  strain  of  100/140/285  optical  fibar. 


DISCUSSION  AND  CONCLUSIONS 

Qf  the  four  multimode  optical  Gbers,  three  (two  graded  index  and  one  step  index)  produced  results 
which  showed  a  definite  correlation  between  flexural  strain  and  the  capability  of  the  fiber  to  transmit  light. 
The  step  index  fiber  without  an  acrylic  buffer  did  not  display  this  correlation.  As  indicated  in  Table  1,  this 
fiber  (80  ^m  core,  100 /^m  cladding)  had  the  highest  areal  ratio  of  core  lO  cladding.  The  other  fibers  trans¬ 
mitted  light  at  a  level  close  to  an  asymptote  which  was  equal  to  the  maximal  received  signal  power  which 
occurred  when  the  fiber  was  straight;  this  level  did  not  decrease  sharply  until  the  bend  radius  was  decreased 
to  below  approximately  three  to  five  cm.  Ultimately,  would  be  r^uced  to  zero  if  the  fiber  was  kinked 
with  a  bend  radius  equal  to  zero.  The  correlation  between  signal  power  and  bend  radius  is  described 
extremely  well  by  the  equations  used  for  Figures  3c,  4c,  and  Sc.  Similarly,  the  maximal  flexural  surface  strain 
increased  markedly  when  the  bend  radius  was  decreased  below  this  same  range  and  was  asymptotic  to  zero 
strain  as  the  bend  radius  approached  infinity.  Combining  the  results  of  signal  power  and  bend  radius  with 
maximal  flexural  surface  strain  and  bend  radius  produces  an  essentially  inverse  linear  relationship  between 
optical  fiber  transmissivity  and  flexural  strain.  The  three  fibers  which  consistently  showed  a  diminution  of 
light  transmissivity  with  increasing  flexural  strain  could  possibly  be  inlaid  within  a  curved  (because  of 
inadequate  sensitivity  when  the  fiber  is  only  deflected  slightly)  composite  material  system  for  use  as  the 
sensor  in  a  stress  (the  modulus  of  elasticity  for  the  composite  material  would  be  required  so  that  stress  could 
be  inferred  from  deflection  of  the  fiber)  or  strain  transducer. 

Future  work  could  involve  using  wavelength  as  an  independent  variable  (with  various  bend  radii)  to 
measure  its  affect  on  transmissivity.  Step  index  single  mode  fiber  typically  have  a  core  diameter  of  9  microns 
or  less  with  a  cladding  diameter  of  125  microns  and  usually  transmit  light  with  a  wavelength  of  1.3(X)  nm  or 
1,550  nm.  The  combination  of  the  small  core  and  longer  wavelength  could  make  step  index  single  mtxle 
fiber  more  susceptible  to  bending  loss  than  step  index  multimode  or  graded  index  multimode  fiber.  Tlicre- 
fore,  an  investigation  which  quantified  the  sensitivity  of  step  index  single  mode  fiber  to  flexural  strain  should 
produce  interesting  results. 
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APPENDIX  A.  QUANTIFICATION  OF  PHOTON  ENERGY 


A  photon  or  gamma  ray  is  a  quantum  of  electromagnetic  radiation  with  energy  E  =  hf,  where  h  is 
Planck’s  constant,  6.626(10)'^  joule-second,  and  f  is  the  frequency  of  a  specific  light,  ^ ,  A  =*  wavelength. 

Although  the  “group”  velocity  of  light  in  a  material  medium  is  less  than  C,  the  velocity  of  a  photon  is  always 
C,  irrespective  of  the  medium  through  which  the  light  travels.^ 

The  light  emitting  diode  used  for  this  work  produced  light  with  a  wavelength  of  900  nm,  thus,  the 
energy  of  one  photon  is: 


[6.626  (10)~^  joule-second  ]  [2.998  (lOf  m^ec] 
900  (10)"’ m 


E  =  2.207(10)  ‘’joules,  or 


E 


2.207  (10)‘’ joules 


6.242 110)‘*  electron  volts 
joule 


E  =  078  electron  volts. 


APPENDIX  B.  CHANGE  OF  OPTICAL  POWER  IN  DECIBELS 

The  change  of  optical  power  in  decibels,  dB,  can  be  found  by  two  methods.  The  methods  are  illustrated 
by  using  the  results  in  Table  2  for  100/140/285  optical  Hber. 


1.  Using  the  reference  (original)  and  the  reduced  signal  power: 
dB  --  10  log  =  10  log  ^^5  “  -3.44  dB. 


2.  Using  the  percentage  change  in  power.  Ap: 

dB  =  lOlog  (^  + l)  =i0log(^^+l)  =-3.44dB. 


/>  iiRowN  E.  a  MiHkm  Opttcx  ItemhoW  Publishing  C<>mp,nny,  New  York.  New  York.  l')f>S.  p.  13. 
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